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ABSTRACT 
In this work we present field tests concerning the 
application of Fiber Bragg Grating (FBG) sensors for the 
monitoring of railway traffic. The test campaigns are performed 
on the Spanish high speed line Madrid–Barcelona, with 
different types of trains (S-102 TALGO–BOMBARDIER, S-
103 SIEMENS-VELARO and S-120 CAF). We located the 
FBG sensors in the rail track at 70 km from Madrid in the 
country side, where the trains primarily are tested during 
commercial operation with maximum speeds between 250-300 
km/h.  
The FBG sensor interrogation system used allows the 
simultaneous monitoring of four FBG sensors at 8000 
samples/s. The different position of the FBG sensors in relation 
with the rail can be used with different purposes such as train 
identification, axle counting, speed and acceleration detection, 
wheel imperfections monitoring and dynamic load calculation. 
INTRODUCTION 
Over the last few decades, rail transport has become one of 
the most effective means of transporting passengers and goods. 
According to recent statistics, the number of passengers will be 
doubled within 10 years while the volume of goods transported 
by railway will be tripled. Thus, it is expected that the axle load 
will strongly increase in the next years, and the trains will 
operate at faster speeds. This puts major pressure on the 
infrastructure and therefore innovative maintaining and 
inspection techniques are required.  
Conventional monitoring systems in railway infrastructures 
use strain gauge sensors to detect train dynamic load, train 
speed and to assess the possibility of derailment. The working 
principle of the strain gauge sensor is based in a variation of 
resistance caused by the stress transmitted by the rail during the 
crossing of the train. While this sensing technology is well-
known and consolidated, it is also expensive, bulky and can be 
adversely affected by electromagnetic interferences (see Figure 
1).  
Optical fiber sensors have seen increased acceptance and 
widespread use for structural sensing and health monitoring 
applications in composites, civil engineering, aerospace, 
marine, oil & gas, and smart structures. One of the newest 
application areas of use of fiber sensors - and in particular fiber 
Bragg gratings (FBG) - is the railway industry, where it is of 
almost importance to know the structural condition of rails, as 
well as that of freight and passenger trains to ensure the highest 
degree of safety and reliable operation and to reduce the 
maintenance for damages caused by wheel defects. In 
opposition to the conventional strain gauges, FBG sensors 
assure immunity to electromagnetic fields, and can be readily 
installed at low cost to measure important parameters for the 
railway engineer in the monitoring of wheel defects and axle 
load of trains in commercial operation at high speed. Previous 
works using FBG sensors has been reported in [1], [2] and [3] 
to test the health of the rail and wheels, and as axle counter and 
imbalance detector; and in [4] and [5] the FBGs were used to 
assess railway bridges. This work reports some tests using 
FBGs for dynamic load measurements in a high-speed railway 
line. These tests are done in the Madrid-Barcelona line.  
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The Madrid - Zaragoza - Barcelona - French Border high 
speed line will allow the integration of Spain in the Trans-
European high speed network, connecting with French railways 
through its last section from Figueres - Perpignan. This line 
connects the two most densely populated urban areas of Spain, 
Madrid and Barcelona, in addition to Zaragoza and other cities 
such as Guadalajara, Calatayud, Lleida and Tarragona. The 
line, which extends throughout 804 kilometers from Madrid to 
Figueres, is exclusively used for high speed passenger traffic.  
In this line a set of FBG sensors were placed in different 
positions in relation with the rail with the purpose of testing the 
deformation and rail load in realistic conditions and high speed 
operation. The final aim is to improve the current strategies of 
maintenance and increase safety level of the rail network. 
 
 
Figure 1.- Strain gauge sensors trace obtained at train passage. 
The noise close to horizontal line is due to electromagnetic 
interferences. 
HIGH SPE ED LINE MADRID–BARCELONA: 
DESCRIPTION OF THE INSTRUMENTED SECTOR 
To install the sensors, a straight sector was selected near 
the Brihuega High Speed maintenance base, around the KP 
69+500 of the Madrid–Barcelona High Speed Line, comprising 
the transition between an embankment and a trench. In 
addition, the section selected for the tests has a technical 
building to support the testing campaigns. 
As indicated in figure 2 both tracks (I&II) have been 
selected for instrumentation. These two tracks have been 
considered as representative of the high-speed line because 
there are in good conditions and do not require usual 
maintenance works. The subgrade at this site is a geological 
formation designated as “Paramo limestone”.  
The traffic conditions allow recording approximately 27 
train passes every day on track I, and another 27 on track II. 
The speeds of these trains in the measurement section are in the 
interval ranging between 200 and 300 km/h. The trains were 
primarily tested during commercial operation. The different 
RENFE trains tested in the experimental campaigns are 
described in table 1 and displayed in figure 3. 
In relation to the high speed line superstructure 
components, the construction parameters applied have been 
very demanding so as to allow the development of maximum 
speeds of 350 kilometers per hour in commercial service 
(currently limited to 300 km/h) and to guarantee the 
interoperability of this infrastructure in accordance with 
European legislation.  
 
 
Figure 2.- Madrid – Barcelona high speed line test site. (I) and 
(II) are the locations of the two instrumented sections and the 
technical building (TB). 
 
Table 1.- Main proprieties of the tested trains 
TRAIN S-102   S-103 S-120 
Contractor Talgo-Bombardier 
Siemens-
Velaro CAF  
Max speed (km/h)  330 350  250 
Gauge UIC UIC UIC/Iberian 
Total length (m) 200.38 200.32 107.36 
Total mass (t) 322  425 247 
Number of axles 21 32 16 
Mean mass in axle (t) 17  15 16 
Distance first-last axle 
(m) 195.795 196.81 102.149 
Axles distance in 
wagons (m) 13.14 14.875 16.2 
Number of wagons 14 8 4 
 
The minimum distance between track centre lines is 4.7 m, 
the width of the subgrade is 14 m and the distance from the 
side of the service track to the external side of the rail is 2.72 
m. Moreover, the line has been built with a minimum radius of 
curvature of 6500 m and a maximum gradient of 25 mm/m.   
The tracks are laid in ballast, with a minimum thickness of 
35 cm. The sleepers are of single block AI-99 type, 
prefabricated and made of pre-stressed concrete with the 
following characteristics: weight of 320 kg, length of 2600 
mm, maximum base width of 300 mm, and minimum height of 
242 mm. The distance between sleeper axes is 0.60 m. 
 The rail used is the 60E1 type (UIC 60) with a hardness 
2607300 HBW and tensile strength larger than 880 N/mm2.  
The stiffness of the track must be limited in order to reduce 
the vertical dynamic forces between wheels and rails. This is 
achieved by the use of rail pads under the rail. With this aim, 
the pads used in this line have 7 mm thickness and a static 
vertical stiffness of 100 kN/mm.  
 
Time (s) 
Ma d rid
(I) 
(II) 
(TB) 
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Figure 3.- Photographs of the trains tested (a) S-102 Talgo-
Bombardier, (b) S-103 Siemens-Velaro and (c) S-120 CAF 
FIBER B RAGG S ENSORS AND I NTERROGATION 
UNIT 
FBGs [6] and [7] are very small, short-length single-mode 
fiber devices that display a periodic refractive-index variation 
in its core. When a broadband light transmits through the 
optical fiber, the FBG written in the core reflects back a 
wavelength (λΒ) depending on the Bragg condition λB =2neΛ 
where ne is the effective refractive index of the core and Λ is 
the grating period. The shift in the reflected wavelength ΔλB of 
the Bragg grating sensor is approximately linear to any applied 
strain or temperature (within a certain measurement range). 
Therefore, the detection technique used by the monitoring 
system is to identify this wavelength shift as a function of strain 
or temperature.  
The possibilities to apply FBG sensors in the monitoring of 
high speed railway networks are very wide. Examples include 
axle counting, on-line measurement of train speed, train weight 
estimation, wheel imbalance detection, train identification, 
detection of intruders, etc. FBG sensor systems are among the 
best suited for railway monitoring due to their many unique 
features that are not found in electrical monitoring systems. The 
most important features for the railway applications are EMI 
immunity and capability to multiplex a large number of sensors 
along a single fiber (including the possibility of using the two 
fiber ends to interrogate all sensors). This allows simplifying 
the installations greatly, reducing cost, remote sensing over 
long distances and inherent self-calibration capability – strain 
and temperature information is encoded in the FBG reflection 
wavelength which is an absolute parameter and thus the 
measurement value does not depend directly of the intensity 
fluctuations of the optical source or the losses between the 
FBGs and the interrogation unit. Furthermore, fiber Bragg 
grating sensors can be interrogated at very high-speeds 
(typically up to several hundred kHz). 
The FBG sensors used for this application are 7 mm long 
with a reflectivity of more than 75% and bandwidths of 0.2 nm. 
Previous laboratory experiments proved that the FBGs used 
show a strain sensitivity of 1.2 pm/με (maximum strain 
admitted ±2000 με) and a temperature sensitivity of 10 pm/ºC. 
Other remarkable characteristics of the FBGs used is that the 
reflection spectrum has a Gaussian peak profile with a side lobe 
suppression >10dB 
The measurement unit used on the experimental campaigns 
is based on the BraggSCOPE technology [8], which combines a 
high-power broadband optical source with a thin-film optical 
edge filter to translate the wavelength variations into optical 
intensity variations. Two edge filters (with positive and 
negative slopes) are used per Bragg wavelength, so as to ensure 
that the setup is self-referenced. The whole system allows a 
dynamic measurement of the Bragg wavelength. By using 
add/drop wavelength-division multiplexing, it also allows the 
measurement of four sensors connected in series, operating 
within predefined wavelength bands. The central wavelengths 
of the bands used in our experiment are: 1541.49, 1547.86, 
1554.28 and 1560.75 nm corresponding to the frequencies of 
194.50, 193.7, 192.90 and 192.10 THz of the standard ITU 
frequency grid with 100 GHz spacing, which is conventionally 
used in optical telecommunication systems. This optical unit is 
connected to a PXI architecture system, so it is possible to 
increase the number of electrical and optical switching modules 
in the extra slots of the rack. For the electrical acquisition, NI-
PXI6040 data acquisition cards are used. A special software 
application running under LabView (National Instruments) was 
developed, specifically for controlling the source and detector 
system and for acquiring and saving the data from each sensor. 
This software allows reading and storing the data of the four 
sensors up to a sampling frequency of 8000 samples/s in each 
of the four sensors. The PC and the demodulation unit 
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(BraggSCOPE) were placed in an office around 40 m away 
from the tracks, as shown in figure 2.  
In order to trigger the measurements we do not use any 
extra electrical or optical signal. Our system permanently takes 
measurements and the storage is activated whenever a train 
event is detected. Only the traces which present train passing 
are stored. This way we can avoid the installation of additional 
presence sensors and solve the problem of synchronization.  
The possibilities of failure depend of the CPU occupation 
storing or transmitting data to central office. In our experience 
and with the actual train frequency, the system fails two on one 
thousand times, but this can certainly be improved by 
improving the communications between the central office and 
the local installation.  
INSTALLATION OF FBG SENSORS IN THE RAIL 
As we mentioned above we used conventional Bragg 
grating sensors. The FBG sensors used are 7 mm long with a 
reflectivity of about 75% and bandwidths of 0.2 nm. The strain 
and temperature sensibility obtained in the lab are 1.2 pm/1 με 
and 10 pm/ºC, respectively. In this campaign we selected six 
different positions of the sensors with respect to the rail. A total 
number of 20 FBG sensors have been installed, 10 of them in 
track I and the other 10 in track II. Figure 5 shows a scheme of 
the 10 FBG sensors along one of the rails. Three consecutive 
spaces between sleepers have been selected. In the first space 
we put four FBG sensors: one in the middle between the two 
sleepers and adapted to the rail foot - this FBG sensor is 
working in pure flexion; a pair of them are adapted to the rail 
web with an angle with respect to the rail neutral fiber of 45º - 
these two FBG sensors are working in shear - and the last one 
is placed just on the rail neutral fiber in order to check 
temperature changes in the rail.  Figure 6 shows in detail the 
disposition of these four sensors on the rail. In the second 
section between sleepers we use the same sensor structure and 
the third section has a vertical sensor just in the centre of the 
sleeper and three flexion sensors placed at different distances 
between the sleepers.  
The FBG sensors are directly pasted with an epoxy resin 
on the rail tracks and are connected by optical cables to an 
optical fiber backbone that runs bellow tracks to the auxiliary 
office. In this office a PC and the demodulation unit read the 
sensors, store the data and display the train footprints. The pass 
of the trains displayed and stored with this PC can also be 
observed with any other computer in real time through 
conventional wireless communication technology. Figure 4 
shows a scheme of the set-up realized. 
 
 
Figure 4.- Communication setup realized. 
 
The surface of the rail is polished to remove any oxide 
rests and ensuring that it does not get too irregular. The surface 
is cleaned with a tissue and alcohol. All the installation of the 
sensors has been performed in the time period in which the 
current commercial service is stopped and the usual 
maintaining operation allows it. At this line, the time period is 
reduced from 1:00 to 4:00 AM. The typical temperature of the 
rail in this time period is between -5ºC and +10ºC. The 
temperature and the roughness of the surface does not allow to 
use cyanocrilate and similar glues. As a good alternative, we 
use a fast-curing epoxy (5 minutes) withstanding 240 kg/cm2. 
30 minutes later the FBG sensors are covered and protect with 
silicone and power tape. A picture showing operations for the 
installation of the FBG sensors is displayed in figure 7. The 
final result is displayed in figure 8.  
Figure 5.- Disposition of 10 FBG sensors along one of the rails. 
FBG 
Sensor 
Local 
Processing
Central 
Management
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Figure 6.- Detail of the disposition of sensors in the first section 
between sleepers. 
The installed FBG sensors have been running one year 
without losses in their performances even after snows, 
extremely hot summer days and conventional operations of 
maintenance in the track.   
 
 
Figure 7.- Installing the FBG sensors in the experiment section 
 
Figure 8.- A section between sleepers, covered and protected. 
RESULTS AND DISCUSION 
Samples of the traces detected by the sensors in positions 
S1, S3, S4, S5 and S6 are displayed in figure 9. S2 trace is not 
displayed because under the train passage this sensor does not 
detect significant signals (since it is placed in the neutral line 
of the rail in order to detect only temperature changes). These 
changes are significant in time scales much longer than the 
train passage. figure 10 shows temperature changes recorded 
by these sensors throughout the first hours of the morning of a 
sunny day of March.    
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Figure 9.- Traces obtained from sensors S1, S3, S4, S5 and S6 
for a S103 train circulating at 300 km/h 
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Figure 10.- Temperature variation of the rail between 5:00 and 
11:00 AM in an sunny morning of March  
Each individual wheel passing through the FBG sensor is 
clearly identifiable. The minimum induced strain due to a 
wheel passing on the track is more than 140 pm - peak to 
peak-   and the noise in the determination of the Bragg 
wavelength is less than 10 pm, giving a SNR better than 12 dB 
(1.2 pm means 1 με).  
In comparison with figure 1, these FBG sensor traces show 
a high immunity to electromagnetic fields. No noise coming 
from the catenary can be seen, in comparison with the one 
appearing in conventional strain gauges. Analyzing theses 
traces we could obtain some interesting results: 
 
Train speed and acceleration. 
Since the distances between the wheels are known, train 
speed can be easily computed by using just one FBG sensor. 
Train speed and the acceleration are obtained using the 
mechanical dimension displayed on table 1 and the time base 
of the DAQ Card (NI-PXI6040) included in the FiberSCOPE. 
The average speed of the trains is calculated from the total 
distance between the first and last axle divided by the time 
spent in detecting the whole passage of the train, from the first 
to the last wheel. The instantaneous speed is obtained 
similarly using the first and the last axle but in the same 
wagons, so comparing the first car speed and last car speed we 
calculate the acceleration. Table 2 shows some of the results 
obtained. The uncertainty has been calculated using the time 
resolution of the acquisition system, DAQ Card (NI-PXI6040) 
calibration uncertainty and mechanical tolerances. 
Table 2.- Typical values of the average and instantaneous 
speed of the different trains and their uncertainty 
Train type S103 S102 S120 
Average speed (km/h) 300.596 205.607 206.121
Uncertainty (%) 0.007% 0.007% 0.012%
Speed of first wagon (km/h) 300.705 208.662 204.771
Speed last wagon (km/h) 300.706 207.774 206.784
Uncertainty (%) 0.10% 0.09% 0.07%
Sign of acceleration 0 + -
 
Axle counter and train type identification 
Axle counting is very easy comparing the traces of the 
different sensors and counting the number of successive shifts 
in the wavelength of the optical signal reflected by one of the 
Bragg gratings. We have employed FBG sensors as axle 
counters and have never observed any miscount so far. The 
identification of the type of train is done in the same way, 
counting the number of axles and comparing with the train 
design. 
Figures 11 and 12 show some examples of train 
identification. In (a) we use a sensor in position S1 that 
identifies the train S102 (21 axles, 4 axles in the tractor head, 
13 axles in 12 wagons and 4 axles in the back tractor).  
 
 
 
 
Figure 11.- Axle counters and train type identification. 
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Figure 12.- Tractor head identification. 
In (b) we use the sensor S4 to identify the train S103 (this 
train has distributed traction in 32 axles, 4 axles in each 
wagon up to a total of 8 wagons). In (c) we use a sensor in 
position S5 that identifies a S120 (the traction is distributed in 
16 axles, four axles per wagon).  
Finally in (d) we use a sensor in position S1 that identifies 
a maintenance locomotive running at 160 km/h. This last case 
shows abnormal vibrations in the trace when an unhealthy 
wheel passes over them. This abnormal vibration appears 
clearly in the traces obtained by two consecutive sensors. 
Following the above characteristics and analyzing the 
experimental data, we can also determine which wheels of the 
train are in unhealthy condition, and send automatic alarms to 
correct the problem. 
 
Dynamic load monitoring. 
We have also studied the dynamic load of the train passing 
in the regular speed (between 200 and 300 km/h). In order to 
monitor dynamic load we use the sensors in S3 and S4 
positions. These two sensors are located in the rail web with 
an angle of 45º with respect to the rail neutral fiber. The 
wavelength shift measured with these sensors are converted to 
strain (the conversion constant for our FBG sensors is 1.2 
pm/με).  When the axle passes by sensor S3 it monitors an 
elongation and when the axle passes by S4 it suffers a 
compression. Figure 13 shows the same traces for the S-103 
train running in the track I. Figure 13 (a) shows the trace 
registered by S3 for a S103 train, and (b) shows the trace of 
S4 for the same train. In the same figure (c) shows the 
calculated dynamic load for the wheel. In order to obtain the 
dynamic load of the wheel we use the well know equation of 
the theory of elasticity (see refs [9] and [10], for instance). 
The dynamic load (Q) is calculated with the difference of the 
two traces (S3 and S4) expressed in με through the equation: 
 
y
yGxz
xz S
IGb
Q
ε2=  
 
where Qxz is the vertical load in the centre of the rail 
section between sleepers, G is the tangential elasticity module, 
bG is the width of the section in the rail neutral fiber, Iy the 
inertia momentum of the section and Sy is the static 
momentum of the lower part of the rail. Using the values of 
the UIC 60 rail we obtain: 
  
17344.0=
y
yG
S
IGb
 
 
and then the load for wheel is obtained as:  
 
)(34688,0 KNQ xzxz ε=  
 
In the case of figure 13, the dynamic load of each wheel 
oscillates between 7 and 9 tons, a little higher than the static 
load defined (mean mass per axle is 15 t in the S-103). 
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Figure 13.- Calculation of the dynamic load for a S-103 train 
running in track I. (a & b) are the traces of the shears sensors 
(positions S3 and S4) and (c) is the calculated dynamic load.    
Figure 14 shows the same traces for the S-120 train 
obtained in track II.  In this case the dynamic load of each 
wheel oscillates between 6 and 8 t, a little lower than the static 
mass expected (mean mass per axle is 16 ton in S-120). The 
difference found between the dynamic loads measured and the 
static mass per axle of the train is under study. These 
differences could be explained by different calibration factors 
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due to different adherence of the epoxy, or imbalance between 
axles. The differences in the calibration factor due to the 
adherence of the epoxy could be eliminated by calibration of 
the track sensors with a known train.  
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Figure 14.- Calculus of the dynamic load for a S-120 train 
running in track II. (a & b) are the traces of the shears sensors 
(positions S3 and S4) and (c) is the calculated dynamic load.    
An interesting result could be observed in the sensor 
placed in the position S6. This sensor is just above a sleeper 
and responds only to the compression suffered by the wheel 
load. In our case this sensor shows a high response (-140 με) 
and a very clear trace. We think that this position could be 
good to detect if sleeper support work bad.  
CONCLUSIONS 
In conclusion, we have shown that fiber optic sensing 
technology is adequate for railway security monitoring 
systems. In this particular paper, we have presented a 
preliminary study on the use of FBG sensors for monitoring 
railway footprints of high speed trains (passing at speeds 
between 200 and 300 km/h, in the high speed line Madrid-
Barcelona). The results illustrate that there is a consistence 
between the signals recorded and the wheel-rail interactions 
under the same operational conditions.  
The health of the rail, like of the wheel, can influence the 
deformation that experiences the rail to the passage of the train 
and therefore they can be diagnosed by analyzing and 
comparing the strain information measured by the FBG 
sensors along the time. We have demonstrated the possibility 
to use these sensors placed in different positions in the rail and 
track to know: temperature of rail, train speed and 
acceleration, axle counter and train type identification. Further 
studies must be done in order to improve the dynamic load 
estimation results and the determination of the health of both 
the rail and the wheels.    
The experience obtained from this study also highlights 
the potential difficulties in realizing this remote-sensing setup 
in practice. This is undoubtedly very useful for defining 
further works and seeking for improvements on both 
effectiveness and reliability of defect detection. 
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